Cytotoxic necrotizing factor 1 (CNF1), a protein produced by pathogenic strains of Escherichia coli, activates the p21 Rho-GTP-binding protein, inducing a profound reorganization of the actin cytoskeleton. CNF1 binds to its cell surface receptor on HEp-2 cells with high affinity (K d ϭ 20 pM). In HEp-2 cells the action of CNF1 is not blocked in the presence of filipin, a drug described to reduce cholera toxin internalization by the caveolae-like mechanism. Moreover, HEp-2 cells, which express a dominant negative form of proteins that impair the formation of clathrin coated-vesicles and internalization of transferrin (Eps15, dynamin or intersectin-Src homology 3), are still sensitive to CNF1. In this respect, the endocytosis of CNF1 is similar to the plant toxin ricin. However, unlike ricin toxin, CNF1 does not cross the Golgi apparatus and requires an acidic cell compartment to transfer its enzymatic activity into the cytosol in a manner similar to that required by diphtheria toxin. As shown for diphtheria toxin, the pH-dependent membrane translocation step of CNF1 could be mimicked at the level of the plasma membrane by a brief exposure to a pH of Յ5.2. CNF1 is the first bacterial toxin described that uses both a clathrinindependent endocytic mechanism and an acidic-dependent membrane translocation step in its delivery of the catalytic domain to the cell cytosol.
INTRODUCTION
Bacterial protein toxins are among the most powerful virulence factors produced by pathogenic microorganisms. In general, these toxins are divided into three groups according to their mechanism of action (Boquet and Gill, 1991) . Group I toxins such as the heat-stable Escherichia coli enterotoxin (reviewed by Sears and Kaper, 1996) act on cell surface where they induce transmembrane signaling. Group II toxins or "pore-forming toxins" (e.g., perfringolysin O, Staphylococcus aureus alpha toxin, and aerolysin [reviewed by Bhakdi et al., 1996] ) act by disrupting the integrity of the plasma membrane. Finally, group III toxins, such as diphtheria, cholera, or tetanus toxins, transfer an enzymatically active domain into the cytosol and modify a eukaryotic target, which gives rise to toxicity (reviewed by Montecucco et al., 1994) . The latter group is clearly the most potent, because it is believed that one or a few copies of the toxin enzymatic domain, for instance of the diphtheria toxin (DT) fragment A, introduced into the cytosol can kill a cell within 2 d (Yamaizumi et al., 1978) . Group III toxins are also known as A-B toxins on the basis of their structure-function relationships, which involve a catalytic domain (the A subunit) and cell binding and membrane translocation domains (the B subunit).
Translocation of the catalytic domain of the type III toxins into the eukaryotic cytosol appears to be accomplished by either one or two mechanisms (reviewed by Johannes and Goud, 1998; Lord and Roberts, 1998; Montecucco, 1998) . In the first instance, for which the paradigm is DT (Sandvig and Olsnes, 1991) , the toxin first binds to its cell surface and is endocytosed and trafficked into early endosomes. After acidification of this compartment, a small portion of toxin molecules undergo a conformational change exposing hydrophobic segments within the B fragment. These domains (hydrophobic helixes) then spontaneously insert into the lipid bilayer of the endosomal lining membrane and facilitate the translocation of the toxin catalytic domain into the cytosol as shown in model membranes (Senzel et al., 1998) . The second mechanism used by some toxins (e.g., cholera toxin [Orlandi et al., 1993] , Shiga toxin [Sandvig et al., 1992; Johannes et al., 1997] , Pseudomonas aeruginosa exotoxin A [Seetharam et al., 1991] , and the plant toxin ricin [van Deurs et al., 1988] ) appears to involve an injection of their catalytic subunit into the cytosol by a different mechanism. After binding to their respective surface receptors, these toxins are internalized by endocytosis and reach the trans-Golgi network (TGN) (reviewed by Johannes and Goud, 1998; Lord and Roberts, 1998; Montecucco, 1998) . From the TGN, these toxins are transported, in a retrograde manner, through the Golgi apparatus toward the endoplasmic reticulum (ER), where translocation of the catalytic fragment into the cytosol is probably achieved (reviewed by Johannes and Goud, 1998; Lord and Roberts, 1998) . In this instance an acidic pH is not generally required for the translocation the catalytic domain into the cytosol. However, in the case of P. aeruginosa exotoxin A, it has been observed that drugs that block the acidification of intracellular compartments impair the activity of this toxin (Fitzgerald et al., 1983) . The exact mechanism by which these toxins transfer their catalytic fragments into the cytosol from either the Golgi or ER compartments is still unknown.
In general, bacterial toxins of group III raise three questions: 1) what is the nature and the number of their cell receptors; 2) by which endocytic pathway (clathrin dependent or independent) is a given toxin internalized into the cell; and 3) does a given type III toxin either transfer its catalytic domain into the cytosol, upon reaching an endosomal compartment, or undergo a longer endocytic journey to the endoplasmic reticulum before its catalytic domain is translocated to the cytosol?
Cytotoxic necrotizing factor 1 (CNF1) is a recently described type III toxin belonging to the "dermonecrotizing" toxins group (Boquet and Fiorentini, 2000) . This toxin is most often produced by uropathogenic E. coli strains (Blanco et al., 1996) . CNF1 (relative molecular mass, 113 kDa) is a single-chain toxin molecule (Falbo et al., 1993) , which has been shown to induce ruffling of eukaryotic cell membranes, actin stress fiber formation, and spreading and multinucleation through the permanent activation of the small GTPase Rho (Fiorentini et al., 1995; Flatau et al., 1997; Schmidt et al., 1997) . CNF1 is a deamidase that is specifically directed toward glutamine 63 of the Rho protein both in vivo and in vitro (Flatau et al., 1997; Schmidt et al., 1997) . The deamidation of the Rho glutamine 63 into glutamic acid leads to permanent activation of the GTP-binding protein by impairing the Rho intrinsic or Rho GTPase-activating protein-mediated hydrolysis of GTP (Flatau et al., 1997; Schmidt et al., 1997) . The enzymatic domain of CNF1 lies within a 300-amino-acid domain located at the carboxyl terminus of the toxin (Lemichez et al., 1997b; Schmidt et al., 1998) , and the cell-receptor binding domain is located within amino acids 53-190 (Fabbri et al., 1999) . Figure 1 depicts the molecular organization of CNF1.
It is well established that the cellular effects of CNF1 can be antagonized by agents that increase endosomal pH such as ammonium chloride (Falzano et al., 1993) and methylamine (Lacerda et al., 1997) . By analogy with DT (Sandvig and Olsnes, 1991) , it has been assumed that CNF1 must reach an acidic cell compartment to translocate its deamidase activity into the cytosol. However, the number of CNF1 cell receptors, their affinity for the toxin, the mode by which CNF1 is taken up by cells, the nature of the endocytic compartment from which this molecule enters the cytosol, and the mechanism by which the CNF1 catalytic activity crosses the lipid membrane remain unknown.
In the present work, we show that CNF1 binds tightly to its cell surface receptor. After binding, the toxin is internalized by both clathrin-and caveolae-like-independent pathways and is subsequently transferred to an endosomal compartment by a microtubule-dependent mechanism. From this compartment the catalytic activity of the toxin appears to translocate the eukaryotic membrane by an acidic pHdriven mechanism comparable with that of DT fragment A.
MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Cloning and Mutagenesis Procedures
The human uropathogenic E. coli strain J96 (O4:K6) (Low et al., 1984; Blum et al., 1995) was used as the source of chromosomal DNA for cloning the cnf1 gene together with the promoter region of the toxin into E. coli TG1 (Sambrook et al., 1989) . Plasmid pCR2.1 was used for cloning cnf1 into E. coli INVaFЈ (TA cloning kit; Amersham, Les Ulis, France). The cnf1-C866S mutant gene was obtained by site-directed mutagenesis using the QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). Cysteine 866 of CNF1 was mutated to a serine to abolish the catalytic activity of the toxin (Schmidt et al., Figure 1 . Schematic structure of the E. coli CNF1. Numbers located underneath the schematic representation of CNF1 indicate amino acid residues delimiting the different toxin domains. Black boxes are the two hydophobic helices (H1 and H2). The gray box located at the amino terminus of the protein is the actual delimitation of residues implicated in the binding of the toxin to its cell receptor (Fabbri et al., 1999) . 1998). cnf1-C866S cloned in pCR2.1 plasmid was transformed into the E. Coli XL1-Blue. CNF1-C866S and the wild-type CNF1 were purified as previously reported (Falzano et al., 1993) . DT was produced and purified as previously described (Boquet and Pappenheimer, 1976 ).
Cell Culture
HEp-2, Madin-Darby canine kidney (MDCK), and HeLa cells were grown in Dulbecco's modified Eagle's medium (DMEM; Life Technologies, Grand Island, NY) supplemented with 7% calf serum (Life Technologies) and 1% glutamine (Life Technologies) at 37°C in a 5% CO 2 atmosphere in 6-or 24-well cell culture plates (Nunc; Life Technology, Cergy-Pontoise, France).
Schild Plot Analysis
To determine the apparent affinity of CNF1 for its cell surface receptor, a Schild plot analysis (Schild, 1957) was performed as described by Ittelson and Gill (1973) for DT. This method is based on competition experiments between a wild-type toxin and its nonenzymatically active counterpart for cell toxicity. CNF1-C866S was produced and purified ( Figure 2A ). This nontoxic mutant form of CNF1 was then shown to block the action of wild-type CNF1 as demonstrated by its ability to inhibit the CNF1 multinucleating activity on HEp-2 cells in vitro.
DNA Cell Transfection and Analysis by Immunofluorescence Confocal Microscopy
HEp-2 cells were transfected with a 2 g/ml concentration of each plasmid construct into 2 ml of DMEM (for cells grown in a 35-mmdiameter culture dish) using the DOTAP transfection kit (Boehringer Mannheim, Mannheim, Germany) according to the manufacturer's instructions. The following plasmids were used: pEGFP-C2 for the green fluorescent protein (GFP)-Eps15 mutant (ED95/295) (Benmerah et al., 1999) and the GFP-Src homology 3 (SH3) intersectin (Simpson et al., 1999 ) (a gift from Dr. P.S McPherson, McGill University, Montreal, Quebec, Canada), and pCMV5d for the hemagglutinin (HA)-tagged dynamin-2 mutant (dyn-K44A) (Damke et al., 1995) (a gift from Dr Schmid, Scripps Research Institute, La Jolla, Schild (1957) . The arrow indicates the affinity of CNF1-C866S determined by the Schild method. CA). Transfected cells were incubated overnight for expression and then incubated for 90 min with 10 Ϫ9 M CNF1 or 90 min with 2 g/ml Texas Red-transferrin (Molecular Probes, Eugene, OR) to monitor the activity of the coated pit pathway. CNF1-intoxicated cells were incubated in medium supplemented with 100 nM bafilomycin A1, which blocks further entry of CNF1. Cells were further incubated for 24 h with bafilomycin A1. Cells were then fixed in PBS containing 3.7% paraformaldehyde (Sigma, St. Louis, MO), permeabilized in PBS containing 0.1% Triton X-100 (Sigma) and 0.2% BSA, stained with Texas Red-phalloidin (Molecular Probes), and mounted in 150 mM Tris, pH 8.5 (Sigma) containing 12% Mowiol (Calbiochem, La Jolla, CA) and 30% glycerol (Sigma). For the HAtagged dyn-K44A mutant, the 12CA5 mouse mAb and the antimouse FITC-labeled mAb (1:70; Dako, Copenhagen, Denmark) were used. Preparations were observed and analyzed with a laser confocal microscope (Leica, Heidelberg, Germany).
Assays for Inhibitors of Endocytosis, Endosome Acidification, Microtubule Polymerization, and Golgi Vesicle Trafficking
Cells were intoxicated with 10 Ϫ10 M CNF1 in the presence or absence of the following drugs: brefeldin A, 5 g/ml; nocodazole, 30 M; filipin III, 1.5 M; chlorpromazine, 10 g/ml; amiloride, 5 or 10 M; bafilomycin A1, 100 nM; monensin, 2 M; and NH 4 Cl, 2-10 mM. All products were from Sigma except for brefeldin A (Molecular Probes).
For tests with brefeldin A, filipin, chlorpromazine, and amiloride, cells were preincubated for 1 h with the drug at the given concentration. For nocodazole experiments, preincubation was performed on ice to increase microtubule depolymerization. Cells were then incubated for 90 min with 10 Ϫ10 M CNF1 in the presence of the drug. Cells were washed, bafilomycin A1 was then added to the medium to block further entry of CNF1, cell multinucleation was recorded 24 h later, and results were expressed as percent of control without drugs.
Effects of nocodazole on microtubule depolymerization were controlled by immunofluorescence using an anti-tubulin mAb (Amersham). The effects of brefeldin A on the Golgi apparatus were controlled by immunofluorescence with the CTR433 anti-Golgi mAb (Bornens et al., 1987 ) (a gift from Dr. Bornens, Institut Curie, Paris, France). Filipin effects were controlled by their ability to inhibit cholera toxin activity on intracellular cAMP accumulation as described by Orlandi and Fishman (1998) . Extraction and detection of cAMP were performed with the enzyme immunoassay system kit Biotrak (Amersham). , or by the HA tag using mAb 12CA5 anti-HA followed by binding of an anti-mouse FITC-labeled antibody (g and j). Cells were controlled for transferrin endocytosis by incubation with 2 mg/ml Texas Red-labeled transferrin for 90 min at 37°C (b, ED95/295; h, dyn-K44A; n, int-SH3 domain), (c, i, and o) Merged images of a and b, g and h, and m and n, respectively. Cells transfected with ED95/295 (e), dyn-K44A (k), or int-SH3 (q) were incubated with 10 Ϫ9 M CNF1 for 90 min. Bafilomycin A1 was then added to block further entry of the toxin (see MATERIALS AND METHODS), and cells were incubated for an additional period of 24 h with bafilomycin A1 to develop the CNF1 phenotype consisting of cell spreading, membrane ruffling, stress fiber formation, and multinucleation (clearly shown in e, k, and q). Cells were then stained for F-actin with Texas Red-phalloidin (e, k, and q). (i, f, and r) Merged images of d and e, j and k, and p and q, respectively. Bars, 2 mm.
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To decrease or inhibit endocytic compartment acidification, the v-ATPase inhibitor bafilomycin A1, the proton ionophore monensin, and the weak base NH 4 Cl were used. As previously described, cells were preincubated for 1 h with these drugs before addition of CNF1, then washed, and bafilomycin A1 was added to the medium until 24 h of incubation.
Assay for the Transfer of CNF1 Bound to the Cell Surface into the Cytosol by a Short Acidic pH Exposure
HEp-2 cells were seeded 24 h before the experiment into six-well cell culture plates at a subconfluent density. Cell monolayers were washed with PBS and incubated at 37°C for 10 min in DMEM and 25 mM HEPES (Life Technologies) containing 0.5% BSA (DMEM-HEPES-BSA). CNF1 (10 Ϫ8 M) was bound to cells at 4°C in cold DMEM-HEPES-1% BSA for 4 h. Cells were washed twice with PBS at 4°C and incubated for 10 min at 37°C at different pH values (from 7.2 to 4.0) according to the procedure described by Sandvig and Olsnes (1980) , in the presence of bafilomycin A1 to block the normal entry of CNF1 into cells. Control cultures were incubated in DMEM-HEPES-BSA in the presence or not of bafilomycin A1. Cells were further incubated for 3 h in DMEM containing 7% calf serum and bafilomycin A1. CNF1 molecules translocated into the cytosol were detected by their ability to upshift the molecular weight of the Rho GTP-binding protein (Flatau et al., 1997; Schmidt et al., 1997) . Cell monolayers were incubated on ice for 45 min, washed twice in 3 mM imidazole buffer, pH 7.5, containing 250 mM sucrose, detached from the Petri dishes with a rubber policeman, and suspended in 100 l of the same solution supplemented with proteases inhibitors (Complete EDTA free; Boehringer Mannheim). Cell suspensions were transferred to microfuge tubes and incubated for 10 min at 4°C and then lysed by three cycles of freeze-thaw in liquid nitrogen and 37°C incubation. Lysates were centrifuged (5000 ϫ g, 20 min, 4°C), and supernatants were collected. Total protein content was measured by means of a Bio-Rad (Ivry-sur Seine, France) assay kit. Each supernatant (30 g of protein) was incubated for 90 min at 37°C with 15 ng of purified exoenzyme C3 as described previously (Chardin et al., 1989) and 10 6 cpm of [ 32 P]NAD (New England Nuclear, Boston, MA; 53 Ci/mmol) in 20 mM Tris buffer, pH 7.5, containing 2 mM MgCl 2 and 100 mM NaCl. The in vitro Rho ADP ribosylation reactions were performed as described previously (Chardin et al., 1989) . Samples were then subjected to SDS-PAGE (12%), and the Rho protein was detected by autoradiography.
RESULTS
CNF1 Exhibits a Very High Affinity for Specific Binding Sites on HEp-2 Cells
Within 24 h after exposure to 10 Ϫ12 M CNF1, membrane ruffling, stress fiber formation, or the measurable multinucleating effect of CNF1 can be clearly observed on HEp-2 cells (Falzano et al., 1993) . Our first aim was to estimate the number of cell surface receptors and to measure the affinity of CNF1 to its receptor using 125 I-labeled CNF1. As yet, we have not been able to label CNF1 with 125 -INa (using various techniques) without a concomitant loss of toxin activity. As a result, we measured the apparent affinity of CNF1 toward its cell receptor using the Schild plot technique (Schild, 1957) . This method, based on competition experiments between a wild-type toxin and its nonenzymatically active counterpart for cell toxicity, has been successfully used to measure the affinity of DT to its membrane receptor on HeLa cells (Ittelson and Gill, 1973) . The percent multinucleation resulting from several competition experiments, using different concentrations of the catalytically inactive CNF1-C866S and wild-type CNF1, was plotted as shown in Figure 2B . Schild analysis of these data suggests that the apparent affinity between CNF1 and its cell receptor is K d 20 pM ( Figure 2C) . Thus CNF1 appears to exhibit a high affinity for its cell membrane receptor.
CNF1 Does Not Require the Clathrin-or Caveolinlike-dependent Pathways of Endocytosis to Be Taken up by HEp-2 Cells
It is well known that the endocytosis of proteins into cells can be achieved by several mechanisms. The first and most extensively described is the clathrin-dependent pathway (Gruenberg and Maxfield, 1995; reviewed by Mellman, 1996) . The second, a clathrin-independent mode of entry (reviewed by Sandvig and van Deurs, 1994; Lamaze and Schmid, 1995) , was first described for bacterial toxins (Montesano et al., 1982) and the plant ricin toxin (RT) endocytosis (Moya et al., 1985; Sandvig et al. 1987) . The third, more recently studied, relies on the presence of cholesterol-and glycolipid-rich domains, defined as caveolae (Simons and Ikonen, 1997) , in the cell membrane. And finally, macropinocytosis, best described in phagocytic cells, depends on membrane ruffling (Steinman and Swanson, 1995) . To investigate which of these mechanisms was involved in the uptake of CNF1, we used either specific inhibitors or cell transfections with DNA-encoding proteins known to impair the formation of coated vesicles.
To test whether CNF1 was taken up by a clathrin-dependent mechanism, we transfected HEp-2 cells with different plamid DNAs encoding proteins well known to inhibit the clathrin-coated pathway of endocytosis. These included the dominant negative mutant of the Eps15 molecule (ED95/ 295) (Benmerah et al., 1999) , dynamin GTPase (dyn-K44A) (Damke et al., 1994) , and the SH3 domain of intersectin (Simpson et al., 1999) . Eps15 is involved in the early steps of clathrin-coated vesicle formation (Carbone et al., 1997; Benmerah et al., 1998) . Indeed, the ED95/295 dominant negative mutant impairs clathrin-coated pit assembly at the plasma membrane and therefore strongly inhibits clathrin-dependent endocytosis of transferrin (Benmerah et al., 1999) . As shown in Figure 3 , a-c, compared with nontransfected cells, HEp-2 cells expressing the GFP-tagged ED95/295 protein did not accumulate transferrin. Expression of ED95/295, however, did not block the formation of cell spreading, expression of membrane ruffling, and multinucleation typically induced by CNF1, and these results were comparable with nontransfected cells (Figure 3, d-f) . We then transfected HEp-2 cells with the DNA encoding the dominant negative form of dynamin dyn-K44A (Damke et al., 1994) . Dynamin is a GTP-binding protein involved in the constriction of coated pit collars, separating vesicles when they invaginate from the membrane (van der Bliek et al., 1993) . Whether dynamin is a GTPase endowed with mechanical activity, a signaling activity, or both is not clear (reviewed by van der Bliek, 1999). The dynamin-2 isoform was used in this work, because it is the ubiquitous form of this protein and seems to be more potent in inhibiting receptor-mediated endocytosis than dynamin-1 (Altschuler et al., 1998) . When mutated in the dynamin GTP-binding domain, the molecule becomes a dominant negative protein and blocks the formation of coated vesicles (Damke et al., 1994) . As shown in Figure 3 , g-i, expression of dyn-K44A impaired the uptake of the transferrin molecule but did not block CNF1 activity ( Figure  3, j-l) . Finally, to confirm that the clathrin-coated pathway of endocytosis was not strictly necessary for CNF1 uptake, HEp-2 cells were transfected with plasmid DNA encoding the SH3A domain of intersectin (Simpson et al., 1999) . Intersectin has been shown to interact through SH3 domains with dynamin (Roos and Kelly, 1998; Yamabhai et al., 1998; Sengar et al., 1999) . Expression of the SH3A intersectin domain disrupts this interaction and blocks clathrin-coated vesicles constriction, resulting in a strong inhibition of endocytosis (Simpson et al., 1999) . As observed with ED95/295 or dyn-K44A, SH3A also efficiently blocked the entry of transferrin into HEp-2 cells (Figure 3 , m-o) but did not inhibit effects of CNF1 (Figure 3, p-r) .
Cationic amphiphilic drugs such as chlorpromazine inhibit receptor-mediated endocytosis by disrupting the assembly of AP2 and clathrin, thereby causing the accumulation of these proteins in endosomes and reducing the number of coated pits at the cell surface (Hunt and MarshallCarlson, 1986; Wang et al., 1993) . Although almost completely inhibiting the toxicity of DT on HEp-2 cells, chlorpromazine did not significantly alter CNF1-induced HEp-2 cell multinucleation ( Figure 4 ).
As shown in Figure 4 , amiloride, which inhibits macropinocytosis (West et al., 1989) , was not able to antagonize the CNF1-induced multinucleation of HEp-2, although it efficiently blocked the toxin-induced membrane ruffling (our unpublished data).
Filipin is used to sequester cholesterol in membranes and thereby to modulate the endocytosis of certain ligands (e.g., cholera toxin) by cholesterol-and sphingolipid-rich membrane domains by the caveolae-like pathway of endocytosis (Orlandi and Fishman, 1998) . Filipin has been shown to reduce to ϳ40% the internalization of cholera toxin (CT) in Caco 2 cells and to block the cAMP accumulation induced by CT (Orlandi and Fishman, 1998) . Filipin did not block CNF1 effects on HEp-2 cells (Figure 4) , although it inhibited the cholera toxin-induced accumulation of cAMP (our unpublished results).
From these studies we concluded that the HEp-2 cell internalization of CNF1 does not strictly require either the clathrin coated pit coated vesicle or the caveolae-like pathways of endocytosis. Thus the uptake and internalization of CNF1 are similar to the plant toxin ricin.
CNF1 Must Reach an Endosomal Compartment, in a Microtubule-dependent Way, to Express Its Activity
An important goal of the present work was to localize the endocytic compartment involved in the entry of the CNF1 enzymatic activity into the cytosol. To date, two main compartments have been found to be gateways for toxins: early endosomes and the ER (reviewed by Johannes and Goud, 1998; Lord and Roberts, 1998; Montecucco, 1998) . The fungal drug brefeldin A inhibits ARF 1 (reviewed by Chardin and McCormick, 1999) . This provokes an inhibition of vesicle formation at the level of the Golgi apparatus, resulting in the disruption of the traffic between the TGN and the ER (Klausner et al., 1992) , without impairing endosomal and lysosomal function (Wood and Brown, 1992; Strous et al., 1993) . Brefeldin A has been shown to block the action of those toxins that transit toward the ER such as Shiga toxin, cholera toxin, and Pseudomonas exotoxin A, but not that of DT, which enters the cytosol at the level of early endosomes (reviewed by Johannes and Goud, 1998; Lord and Roberts, 1998; Montecucco, 1998 ). Treatment of HEp-2 cells with a concentration of brefeldin A, which completely disrupted the Golgi apparatus, as monitored by immunofluorescence staining using an antibody directed against a Golgi protein (our unpublished data), had no effect on CNF1 multinucleating activity ( Figure 5 ). This result strongly suggests that CNF1 was entering the cytosol through a compartment located upstream of the Golgi apparatus and indicates that the toxin, unlike ricin, does not translocate into the cytosol via the TGN-Golgi route. The CNF1 translocating compartment could thus be either early or late endosomes. To either mature into or communicate with late endosomes early endosomes must use microtubules (Gruenberg and Maxfield, 1995) . Inhibition of microtubule polymerization with nocodazole blocks the transport of endocytosed ligands from early to late endosomes (Gruenberg and Maxfield, 1995) . However, because the maturation of endosomal compartments in HEp-2 cells appears to be poorly microtubule dependent (van Deurs et al., 1993) , we used MDCK and HeLa cells to test whether CNF1 activity was sensitive to nocodazole. As shown in Figure 6 , CNF1 activity was totally blocked by nocodazole in MDCK and HeLa cells but not in HEp-2 cells. These results suggest that CNF1, unlike DT (Papini et al., 1993; Lemichez et al., 1997a) , requires transport from the early to the late endocytic compartment to translocate its enzymatic activity to the cytosol.
CNF1 Requires an Acidic pH-dependent Mechanism to Translocate across the Membrane
We and others have shown that the cellular effects of CNF1 can be antagonized by weak bases such as ammonium chloride (Falzano et al., 1993) and methylamine (Lacerda et al., 1997) , suggesting that a low pH step is necessary for the toxin to penetrate into the cytosol. As shown in Figure 6 , bafilomycin A1 and monensin, which block acidification of endosomal and lysosomal compartments, are strong inhibitors of CNF1 cellular activity. Although these results strongly suggest that CNF1 requires an acidic compartment to translocate its enzymatic domain into the cytosol, the possibility that inhibition of vesicular acidification might also affect the recycling of CNF1 receptors still remains.
An important difference between the entry of DT and CNF1 is their relative sensitivity to the concentration of NH 4 Cl required to their respective action. In the case of DT, 2 mM is required to completely block DT, whereas Ͼ5 mM is necessary to decrease the CNF1 multinucleating activity (Figure 6 ). One interpretation of these results is that CNF1, as indicated by data obtained with nocodazole, must reach a late endosomal compartment in which the pH is lower than that of early endosomes to deliver its catalytically active domain to the cytosol. Thus a higher concentration of NH 4 Cl would be necessary to inhibit the toxin activity.
To better understand the mechanism of CNF1-membrane translocation, we performed an experiment mimicking the possible transfer of CNF1 across the endosomal membrane of HEp-2 cells by an acidic pH. This type of experiment has clearly shown that DT could be translocated across a lipid membrane when enviromental pH is acidic (Draper and Simon, 1980; Sandvig and Olsnes, 1980; Moskaug et al., 1988; Sandvig and Olsnes, 1991) . Taking advantage of the tight binding of CNF1 to its receptor, HEp-2 cells were incubated at 4°C for 4 h in the presence of the toxin and then thoroughly washed to remove all unbound molecules. Bafilomycin A1 was then added to monolayers to block CNF1 entry by its normal route, and cells were incubated for 10 min at different pH values ranging from 7 to 4. Monolayers were then incubated in medium containing bafilomycin A1 for an additional period of 3 h at 37°C. Cells were then detached from culture dishes and lysed. Lysates were ADP ribosylated by the Clostridium botulinum exoenzyme C3 with [ 32 P]NAD to specifically label the Rho GTPase (Chardin et Figure 5 . Effects of brefeldin A, bafilomycin A1, and monensin on CNF1-induced multinucleation in HEp-2 cells. Cells cultivated in 24-well plates were washed briefly with a HEPES-buffered medium and incubated with brefeldin A (5 g/ml) for 1 h. This treatment resulted in the total disruption of the Golgi apparatus, as indicated by immunofluorescence labeling with the anti-Golgi mAb CTR433 (see MATERIALS AND METHODS). Cells were then incubated with CNF1 (10 Ϫ10 M) for 90 min at 37°C still in the presence of brefeldin A. Then the medium was removed, and cells were washed and incubated with fresh medium containing bafilomycin A1 to block further entry of CNF1. Cells were incubated for an additional 24 h, and multinucleation was recorded. Identical experiments were performed with bafilomycin A1 and monensin. Effects of increased concentrations of NH 4 Cl on DT activity are given as controls. Results are the average of duplicate determinations. Figure 6 . Effects of nocodazole on CNF1-induced cell multinucleation. HEp-2, MDCK, or HeLa cells grown in 24-well plates were washed briefly with HEPES-buffered medium and incubated with nocodazole for 1 h at 4°C. CNF1 (10 Ϫ10 M) was added for 90 min at 37°C still in the presence of nocodazole. Then the medium was removed, and cells were incubated with fresh medium containing bafilomycin A1 to block further entry of CNF1. Cells were incubated for an additional 24 h in the presence of bafilomycin A1, and multinucleation was recorded and expressed as in Figure 5. al., 1989). By catalyzing the deamidation of glutamine 63, CNF1 activity results in a mobility shift of Rho to a slightly higher molecular weight by SDS-PAGE (Flatau et al., 1997; Schmidt et al., 1997) . As shown in Figure 7 , when HEp-2 cells were exposed to CNF1 at 4°C, in the presence of bafilomycin A1, and then briefly exposed to pH 5.2 (and below this value), SDS-PAGE analysis of Rho revealed an upshift in electrophoretic mobility characteristic of deamidation. No shift of the GTPase could be observed at neutral pH, indicating that the entry of the toxin was efficiently blocked by bafilomycin A1. Accordingly, HEp-2 cells, into which CNF1 was introduced from the plasma membrane by a 10-min pulse at pH 5.2 (and below this value), demonstrated membrane ruffling and stress fiber formation typically induced by this toxin (our unpublished results). This result clearly indicates that CNF1 catalytic activity was transferred across the plasma membrane by a low-pH-driven mechanism, probably comparable with that of the DT catalytic domain to the cytosol.
DISCUSSION
The molecular mechanisms by which enzymatic activities of bacterial toxins are delivered to the cell cytosol constitute an important topic in cell biology. Unraveling these processes has led to important clues on endocytic mechanisms such as the existence of a clathrin-independent pathway system (Montesano et al., 1982; Moya et al., 1985; Sandvig et al., 1987) or the existence of a retrograde transport of proteins across the Golgi apparatus (Sandvig et al., 1992; reviewed by Johannes and Goud, 1998) . Furthermore, the mechanism of toxin translocation through the membrane is an important issue concerning the physical chemistry of macromolecules interacting with lipid membranes (London, 1992) . In the present work we show that CNF1, a single-chain toxin, is endocytosed by a mechanism that does not depend strictly on both clathrin and caveolae. Once the toxin is transferred to an appropriate acidic compartment, most likely late endosomes, the catalytic activity is translocated across the lipid bilayer and into the cytosol by a low-pH-induced mechanism. CNF1 thereby appears to follow the RT model for endocytosis and the DT model for membrane translocation. We have summarized in Figure 8 the endocytic and intracellular routing and site of entry of CNF1 into the cytosol, with the entry of other well-studied toxins.
We have shown by Schild analysis that CNF1 binds to HEp-2 to cell surface receptors with high affinity. Because of technical difficulties in radiolabeling CNF1 without an appreciable loss of toxic activity, we are, at present, unable to quantify the number of toxin receptors on the HEp-2 cell surface. The high affinity of CNF1 for its receptor is uncommon for a single-chain toxin. For example, the affinity between DT and its HB-epidermal growth factor receptor is approximately nanomolar (Brown et al., 1993) . In contrast, enterotoxins such as cholera toxin and the heat-labile E. coli toxin, because of the oligomeric structure of their binding components, exhibit a very high affinity toward their cell surface receptors (MacKenzie et al., 1997) . Such a high affinity might be required to firmly bind toxins to the epithelial surface, because in a liquid milieu the toxin would be effectively washed from the cell surface. Because CNF1 is almost exclusively produced by uropathogenic strains of E. coli (Blanco et al. 1996) , this toxin might also be washed from the epithelial surface, and in this case a high receptor affinity might be necessary to compensate for the urine flow. The high affinity of CNF1 for its receptor may also be reflected in its action at very low concentration. Because there is no specific secretion mechanism that has been found for CNF1 Figure 7 . Direct transfer of CNF1 catalytic activity from the plasma membrane by a short exposure to an acidic pH. HEp-2 cells cultivated to confluence in six-well plates were briefly washed with cold 0.5% BSA-HEPES-buffered medium and incubated at 4°C for 4 h with 10 Ϫ8 M CNF1 in the same medium. Monolayers were washed thoroughly to remove all unbound toxin molecules with cold PBS on ice. Then the cells were incubated for 10 min in the indicated pH buffers containing bafilomycin A1 to block CNF1 entry by its normal route. Monolayers were then briefly washed with cold medium and incubated in DMEM and 7% calf serum containing bafilomycin A1 for an additional 3 h at 37°C. Cells were then washed and lysed. Lysates were ADP ribosylated by the C. botulinum exoenzyme C3 with [
32 P]NAD as described in MATERIALS AND METHODS. Arrows indicate the Rho upshift (i.e., deamidation by CNF1). It was found that a 10-min period of endocytosis at pH 7.2 (in the absence of bafilomycin A1) of CNF1 did not allow the transfer of enough toxin molecules into the cytosol to upshift Rho (lane *). To obtain a positive control of CNF1 activity on Rho when CNF1 enters cells by its own system of endocytosis, HEp-2 cells were treated with CNF1 for 30 min at pH 7.2 before addition of bafilomycin A1 to allow a sufficient number of CNF1 molecules to act on Rho (lane **).
CNF1 Entry into the Cytosol Vol. 11, May 2000 in uropathogenic E. coli strains, the current hypothesis for its release into the medium is that a small proportion of the bacterial population could release the toxin upon lysis (Falzano et al., 1993) .
The entry of CNF1 into eukaryotic cells, like RT, appears not to strictly require the clathrin-dependent pathway of endocytosis. However, we cannot exclude that the entry of a fraction of CNF1 molecules may use this pathway of endocytosis, as shown for RT (Moya et al., 1985; Sandvig et al., 1987) . Indeed, as shown in the present work, CNF1 cellular effects could not be antagonized or clearly decreased in HEp-2 cells that expressed the dominant negative forms of proteins inhibiting the formation of coated vesicles (Eps15, dynamin, and intersectin); although the transferrin uptake was impaired in these cells, it could be argued that these dominant negative proteins do not completely block the entry of some CNF1 molecules by the clathrin-dependent pathway, thereby leading to intoxication. This is unlikely, because the CNF1 phenotype of transfected cells was identical to that of the nontransfected cells (Figure 3) . Furthermore, in these experiments cells were exposed to CNF1 for an identical period, during which transferrin uptake was negligible (Figure 3 ). In addition, CNF1 activity was not affected by chlorpromazine, which is known to inhibit clathrin-dependent endocytosis (Wang et al., 1993) and to block DT toxicity (Orlandi and Fishman, 1998 and this work) . These results suggest that the clathrin-dependent pathway of endocytosis may participate but is not the only route of internalization used for the uptake of CNF1 into HEp-2 cells.
The cholesterol-sequestering drug filipin has been shown to reduce the internalization of CT by ϳ40% and to inhibit the activity of this toxin, probably by disruption of caveolaelike structures (Orlandi and Fishman, 1998) . Filipin was not able to inhibit the CNF1-mediated multinucleation in HEp-2 cells. However, we must point out that filipin, in addition to decreasing the internalization of CT, was also shown to exhibit an inhibitory effect by acting on the reduction of the disulfide bridge linking the A1 catalytic subunit to the B cell-binding subunits of the toxin and thereby reducing its intracellular enzymatic activity (Orlandi and Fishman, 1998) .
Experiments with brefeldin A demonstrated that CNF1, unlike RT, does not reach the Golgi apparatus and must be transferred to the cytosol upstream of this compartment.
CNF1 activity in MDCK and HeLa cells is sensitive to the microtubule-depolymerizing drug nocodazole. However, in HEp-2 cells CNF1 activity was not sensitive to nocodazole. In HEp-2 cells, ligands are transported by progressive maturation of endosomal compartments (van Deurs et al., 1993) rather than using endocytic carrier vesicles moving on microtubules between late and early endosomes (Gruenberg and Maxfield, 1995) . We have shown with both MDCK and HeLa cells that CNF1 toxicity is sensitive to nocodazole, and thus the toxin appears to be transferred from an early to a late endocytic compartment to gain entry into the cytosol. This hypothesis is further substantiated by the requirement of relatively high concentrations of the weak base NH 4 Cl, compared with those that inhibit DT entry from early endosomes (Papini et al., 1993; Lemichez et al., 1997a) , to neutralize CNF1 activities. However, we cannot rule out the possibility that nocodazole might reduce the number of CNF1 receptors at the surface of HeLa or MDCK cells.
Transfer of RT from early endosomes to the TGN and subsequent toxicity are blocked by expression of dyn-K44A (Llorente et al., 1998) . Dynamin is most likely part of the machinery involved in vesicles formation that is located on endosomes and required for ricin to be transported to the TGN (Llorente et al., 1998) . However, it is not yet clear whether RT is transferred directly from early endosomes to the TGN or if it transits by late endosomes (Simpson et al., 1995) . CNF1 activity is not blocked by expression of dyn-K44A. Thus, if RT joins the TGN via late endosomes, CNF1 might use the same endocytic pathway as ricin to reach late endosomes but might escape into the cytosol from this compartment. This would explain why CNF1 is unsensitive to dyn-K44A. An alternative explanation is that a minor amount of ricin molecules is taken up by the dynamindependent mechanism from early endosomes and transferred to late endosomes, whereas CNF1 will not follow this pathway but rather the degradative pathway to proceed to late endosomes. It has been shown that ligands going to late endosomes for degradation into lysosomes are not sensitive to dyn-K44A effects (Damke et al., 1994; Llorente et al., 1998) .
The transfer of the CNF1 deamidase activity to the cytosol can be induced directly across the plasma membrane of HEp-2 cells by a brief exposure to pH 5.2. This value is comparable with that required for the entry of DT fragment A to the cytosol from cell surface-bound toxin (5.5) (Moskaug et al., 1988) . Although it is tempting to speculate that entry of CNF1 into the cytosol is directly analogous to that of DT, it is worth noting that a cleavage site that would release the catalytic domain of CNF1 into the cytosol has not been found. The fact that CNF1 might gain entry into the cytosol from the late endocytic compartment might suggest Figure 8 . Endocytosis and site of entry of CNF1. Comparison with others toxin. RT, ricin toxin; CT, cholera toxin; ST, Shiga toxin; DT, diphtheria toxin; CNF1, cytotoxic necrotizing factor 1; ER, endoplasmic reticulum; M, microtubules; ECV, endocytic carrier vesicles; EE, early endosome; LE, late endosome; Ly, lysosome; Cl, clathrincoated invagination; C, caveolae invagination; NCC, non-clathrin noncaveolae endocytic invagination; EF2, elongation factor 2; aGs, heterotrimeric GTP-binding protein a component; Rib, 28S ribosome; Rho, Rho GTP-binding protein; TGN, trans-Golgi network. Open arrows indicate sites where toxins are supposed to be released into the cytosol. Boxed abbreviations indicate the intracellular targets of toxins.
that a proteolytic cleavage could be accomplished by one or several protease(s) present in this prelysosomal cell compartment. Interestingly, Rho B, a target for CNF1, has been localized on the late endosomal compartment (Adamson et al., 1992) . Although Rho B is a growth factor early induced protein (Jähner and Hunter, 1991) , it might be the first intracellular target of CNF1 when the toxin translocates the membrane.
CNF1, like DT, seems to be divided into three functional domains involved in different steps of the intoxication process: the cell-binding domain is localized in the first 190 amino-terminal residues (Fabbri et al., 1999) ; two hydrophobic polypeptides (H1 and H2) with transmembrane properties are individualized immediately downstream of the binding domain (Falbo et al., 1993; Oswald et al., 1994) ; and the enzymatic deamidase activity is located within the last 300 residues of the toxin (Lemichez et al., 1997b; Schmidt et al., 1998) . We would therefore hypothesize that the CNF1 hydrophobic helices H1 and H2 might play a role in CNF1 membrane translocation similar to that of the TH8 and TH9 hydrophobic helices of DT (Silverman et al., 1994) .
In conclusion, CNF1 is the first microbial toxin described that is internalized by a clathrin-and caveolae-independent endocytic pathway and as DT is translocated across an endosomal membrane by a low-pH-dependent mechanism. CNF1 might be a useful probe for cell biological studies aimed at further understanding the link between the clathrin-and caveolae-independent pathways of endocytosis with endosomal compartments. This toxin might also be used to address the question of how a large hydrophilic protein can be transferred, via a low-pH-driven mechanism, through a lipid membrane.
